The study of cell biology is limited by the difficulty in visualizing cellular structures at high 19 spatial resolution within their native milieu. Here, we have visualized sporulation in 20 Bacillus subtilis using cryo-electron tomography coupled with cryo-focused ion beam 21 milling, a technique that allows the 3D reconstruction of cellular structures in near-native 22 state at molecular resolution. During sporulation, an asymmetrically-positioned septum 23 divides the cell into a larger mother cell and a smaller forespore. Subsequently, the 24 mother cell phagocytoses the forespore in a process called engulfment, which entails a 25 dramatic rearrangement of the peptidoglycan (PG) cell wall around the forespore. By 26 imaging wild-type sporangia, engulfment mutants, and sporangia treated with PG 27 synthesis inhibitors, we show that the initiation of engulfment does not entail the complete 28 dissolution of the septal PG by the mother cell SpoIIDMP complex, as was previously 29 thought. Instead, DMP is required to maintain a flexible septum that is uniformly and only 30 slightly thinned at the onset of engulfment. Then, the mother cell membrane migrates 31 around the forespore by forming tiny finger-like projections, the formation of which 32 requires both SpoIIDMP and new PG synthesized ahead of the leading edge of the 33 engulfing membrane. We propose a molecular model for engulfment membrane migration 34 in which a limited number of SpoIIDMP complexes tether the membrane to and degrade 35 the new PG ahead of the leading edge, thereby generating an irregular engulfing 36 membrane front. Our data also reveal other structures that will provide a valuable 37 resource for future mechanistic studies of endospore formation. 38 migration, cryo-electron tomography, cryo-focused ion beam milling.
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Results
134
Visualizing sporulation in wild type B. subtilis at molecular resolution 135 Recently, we used cryo-FIB-ET to illustrate the role of DNA translocation in inflating the 136 forespore 11 . These data confirmed the presence of a thin layer of PG between the 137 forespore and the mother cell membranes in the wild type strain, as previously visualized 138 by cryo-ET of a slender ponA mutant of B. subtilis 20 . We expanded our cryo-FIB-ET 139 studies to investigate the architecture of B. subtilis cells during different stages of 140 sporulation (Fig. 1C ; see Materials and Methods). We acquired high-quality data of wild Our data showed that the external cell wall of sporulating cells was ~20-30 nm thick, 148 consistent with other EM studies 20, 24 . The polar septum formed close (within 500 nm) to 149 one of the cell poles, and was initially flat (Fig. 1D ,E, S1A-D). Eventually, the septum bent 150 smoothly into the mother cell ( Fig. 1F ,G, S1E-H) and the mother cell membrane moved 151 forward to engulf the forespore, at which stage the forespore was roughly rounded (Fig. 152 1H,I, S1I-L). Visual inspection of tomograms also revealed several structures that have 153 not been characterized previously. Immediately after polar septation, we observed 154 ellipsoidal complexes that were present only in the forespore, adjacent to the membrane 155 and often close to the intersection between the septum and the lateral cell wall ( Fig. 1J , 156 S1M-O). The complexes were of roughly similar size, with a mean radius of ~45 nm (see comprised of SpoVM and/or SpoIVA ( 39 , Fig. 1M ). This layer is visible as an array of dots 165 spaced ~4-6 nm apart, similar to that observed previously in A. longum sporulating cells 166 40 . Moving outward, we observed a dense amorphous layer and a filamentous layer (Fig. 167 1L-N, S1R-S) that may contain CotE, SpoIVA and other coat proteins that are recruited 168 to the outer forespore membrane during engulfment 41 . Further studies are required to 169 determine the molecular identity of these structures unambiguously. The cryo-FIB-ET images provided high-resolution details of the septum and the engulfing 173 membrane. Hence, we focused on those details to obtain mechanistic insights about 174 engulfment. The complete degradation of the septal PG during septal thinning has been 175 traditionally considered a prerequisite for engulfment (13, 14, 17, 42) . However, we 176 observed a thin PG layer between the mother cell and the forespore membranes 177 throughout engulfment in both wild type ( Fig. 2A; Fig. S2A -C; 11 ) and a slender ponA 178 mutant 20 , suggesting that the septal PG is either not completely degraded or is quickly 179 resynthesized after degradation. To probe this, we imaged engulfing sporangia after 180 treatment with antibiotics that block PG synthesis: cephalexin and bacitracin ( Fig. 2B ,C, 181 S2D-F). Blocking PG synthesis with either antibiotic blocks polar septation and 182 engulfment membrane migration 23 . We added the antibiotics two hours after inducing 183 sporulation, when ~40-50% of the cells have undergone polar septation 23 , and prepared 184 samples for tomography either one or two hours later. If the septal PG was completely 185 degraded, we would observe sporangia lacking PG between the mother cell and the 186 forespore membranes after antibiotic treatment. However, if the septal PG was not 187 completely degraded, the sporangia would show a layer of PG around the forespore, 188 independent of antibiotic treatment. Indeed, we observed a thin PG layer in both untreated 189 and antibiotic-treated sporangia ( Fig. 2A -C, S2A-F), suggesting that the septum is not 190 completely degraded at the onset of engulfment. The above observation prompted us to re-evaluate the process of septal thinning. The 195 current model for septal thinning proposes that DMP initially localizes to the septal 196 midpoint, where it starts degrading the septal PG as it moves towards the edge of the 197 septal disk 12, 14, 17, 22 . This enzymatic septal thinning model predicts that, during the 198 transition from flat to curved septa, the septum should be thinner in the middle than at the 199 edges ( Fig. 3A) . To test this, we measured the distance between the forespore and the SpoIIDMP is essential to maintain a thin, flexible septum 213 Next, we tested whether DMP was required to mediate the slight thinning observed during 214 the transition from flat to curved septum. To address this question, we measured septal 215 thickness in DMP mutants. In single mutants lacking D, M or P, engulfment is blocked but 216 the septum bulges towards the mother cell, which complicates the analysis ( Most sporulation septa of the DMP triple mutant were either flat or slightly curved into the 222 mother cell ( Fig. 3F -I, S3A-D). In some cells, we observed membrane accumulation in 223 the mother cell ( Fig. 3F ,G, S3A,B) and small bulges approximately in the middle of the 224 septum ( Fig. S3C,D) . Septal thickness ranged from ~25 nm to ~45 nm, with an average 225 thickness of 28 nm ( Fig. 3J,K, S3N ), which is ~5 nm greater than that of wild type 226 sporangia with flat septa (Fig. 3K ). Importantly, there were no significant differences in 227 septal thickness between flat and curved septa in DMP mutant sporangia (Fig. 3E, 228 S3J,N), indicating that DMP is in fact necessary for the slight thinning of the septum 229 observed in wild type sporangia.
230
231 Surprisingly, the thickness of individual DMP mutant septum was irregular across the 232 septal length, with thicker regions of more than 45 nm, that were not observed in wild type 233 cells ( Fig. S3N ). One possible explanation for this finding is that in the absence of DMP, Once the septum curves, the mother cell membrane starts to migrate around the 246 forespore. Since the PG is not completely degraded, it will represent a major obstacle for 247 the advancement of the engulfing membrane. To explain how cells overcome this hurdle, 248 we previously proposed a conceptually new model for engulfment in which coordinated 249 PG synthesis and degradation at the leading edge of the engulfing membrane moves the 250 junction between the septum and the lateral cell wall around the forespore, making room 251 for the engulfing mother cell membrane to advance ( 23 , Fig. 1B ). In this 'make before To test this model, we first focused on the shape of the forespore membrane opposing 255 the leading edge of the engulfing mother cell membrane. In wild type sporangia, the 256 forespore membrane was rounded immediately ahead of the engulfing membrane ( Fig.   257 4A). This could be due to accumulation of additional PG at this site, which might push 258 and deform the forespore membrane, introducing a broader curve. To confirm this, we 259 analyzed the shape of the forespore membrane of sporangia in which PG synthesis was 260 blocked with either bacitracin or cephalexin (SI Materials and Methods). The forespore 261 membrane was less rounded and had a sharp corner (Fig. 4B, S5A ) with a radius of 262 curvature that was four times smaller than that of untreated cells (~27 nm vs. ~123 nm, membrane. To test this possibility, we imaged spoIIP mutant sporangia, which lack a 278 functional DMP complex. As expected, the septum bulged towards the cytoplasm, but the 279 mother cell membrane did not move forward in these cells. The 3D annotation of the 280 membranes showed no membrane projections anywhere in the mother cell membrane 281 ( Fig. 4H-K, S5E-G) . Also, no projections were observed in the DMP triple mutant, most 282 of which did not form bulges (Fig. S5H-M) . These findings suggest that SpoIIDMP is 283 necessary for the formation of finger-like projections in the engulfing mother cell 284 membrane. 285 We next tested whether PG synthesis was also required for the formation of finger-like 287 projections. To study this possibility, we focused on sporangia in which PG synthesis was 288 blocked using cephalexin. We have previously demonstrated that some cephalexin-289 treated sporangia show asymmetric engulfment, with the engulfing membrane moving 290 around the forespore on one side but not on the other 23 . Timelapse microscopy showed 291 that this asymmetric engulfment is not due to differences in the speed of membrane 292 migration on one side of the forespore compared to the other. Rather, the septal disk 293 rotates, with one side of the disk extending and the other retracting 23 . It is possible that 294 in the presence of cephalexin, DMP cleaves the junction between the septum and the 295 lateral cell wall, detaching the septal disk and allowing cup rotation. We used cryo-FIB-
296
ET to compare the architecture of the leading side (the side of the membrane that moves 297 around the forespore) and the lagging side (the side of the membrane that retracts) of the 298 engulfing membrane ( Fig. 4L-O) . We observed finger-like projections in the leading side 299 (Fig. 4N ), but not in the lagging side (Fig. 4M ).
301
Taken together, these results suggest that the finger-like projections at the leading edge 302 of the engulfing membrane might be caused by tethering of the engulfing membrane to 303 the newly synthesized PG via DMP (Fig. 4P ).
304
Discussion
306
In this study, we have visualized the developmental process of sporulation in Bacillus 307 subtilis using state-of-the-art cryo-FIB-ET. We have obtained images of cells during 308 different stages of sporulation at a resolution of a few nanometers, revealing new details 309 about the architecture of spore assembly, as well as several hitherto unknown structures 310 inside and around the developing spore (Fig. 1) . Our results also provide mechanistic 311 insights into engulfment, including the early step of septal thinning (Fig. 2, 3) and 312 membrane migration (Fig. 4) which are captured in the model presented in Fig. 5 .
314
We provide evidence that the septal PG is not completely degraded at the onset of 315 engulfment. Instead, the septum gets slightly (~25%) thinner as it curves into the mother 316 cell, with PG continuously present between the mother cell and the forespore 317 membranes. In addition, the whole septum transitions from thick to thin homogenously, 318 contrary to previous results that suggested that septal thinning started in the middle and 319 progressed towards the edges. The homogenous thinning of the septum can be explained 320 by our previous finding that septal PG is stretched as the forespore grows towards the 321 mother cell due to increased turgor pressure caused by SpoIIIE-mediated chromosome 322 translocation 11 . Thus, septal thinning could simply represent a change in conformation of 323 the septal PG, from a relaxed to a stretched state, triggered by the increased turgor 324 pressure in the forespore. This is consistent with recent molecular dynamics simulations 325 on gram-positive cell walls, which show that relaxed PG fragments are ~25% thicker than 326 those in a strained conformation 44 .
328
Our results also indicate that DMP is required to maintain a flexible septum that can curve 329 as the forespore grows into the mother cell (Fig. 3) . We found that the septa of DMP triple 330 mutants have irregular thickness, and are on an average thicker than wild type septa ( Fig.   331 3J,K). Since DMP is produced after polar septation, the septa of DMP mutant sporangia 332 must have thickened after they have been formed. Thus, it is possible DMP prevents 333 septal thickening by clearing PG synthases from the septum, where they would 334 accumulate after polar septation. This model is consistent with the increased localization 335 of PBPs throughout the septum in DMP mutants (Fig. S4) . Nevertheless, we cannot rule 336 out the possibility that DMP degrades the septal PG partially to generate a flexible 337 septum. If this was the case, the partial degradation should happen simultaneously across 338 the whole septum to enable the homogenous transition from thick to thin septum. 339 However, since DMP is rate limiting for engulfment, it seems unlikely that there may be 340 enough DMP complexes to mediate the homogeneous thinning of the septum.
342
Our data also provide insights into the mechanism of membrane migration during 343 engulfment. Using fluorescence microscopy, we previously observed that new PG is 344 synthesized at the leading edge of the engulfing membrane 20,23 . We also showed that 345 many forespore penicillin binding proteins (PBPs) can track the leading edge of the 346 mother cell engulfing membrane 23 , suggesting that PG synthesis at the leading edge of The 3D reconstruction of the leading edge of the engulfing mother cell membrane shows 361 the presence of finger-like projections that resemble the filopodia of eukaryotic cells 45 . In 362 eukaryotic cells, these membrane projections are produced by cytoskeletal proteins, and 363 the projections are typically a few micrometers wide. In contrast, no cytoskeletal elements 364 contributing to engulfment have been described so far (or visualized in our tomograms) 365 and the finger-like projections at the leading edge of the engulfing membrane are only a 366 few nanometers wide. Instead, our results demonstrate that DMP is required for the formation of these finger-like projections. In addition, no finger-like projections are 368 observed when the engulfing membrane retracts by inhibition of PG synthesis with 369 cephalexin, suggesting that tethering the membrane to PG is required to maintain these 370 projections. The most straightforward model to explain these results is that DMP tethers Strains and culture conditions 410 We used Bacillus subtilis PY79 for all data acquisition. The strains were grown in LB 411 plates at 30 o C. The bacteria were first grown in ¼ diluted LB to OD600 ~0.5-0.7.
412
Sporulation was then induced by resuspension in A+B media at 37 o C. For tomography, 413 we collected wild type sporulating cells 1.5-3 hours after sporulation induction. For cells 414 treated with antibiotics, 50 μg/ml of bacitracin or 50 μg/ml of cephalexin was added two 415 hours after induction of sporulation and samples for tomography were collected either 416 one or two hours later respectively. For spoIIP and spoIIDMP mutant sporangia (SI 417 Materials and Methods), cells were collected 2.5 hours after induction of sporulation for 418 tomography. 
